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Abstract 

Directed flow v\ treated as an effect of the transient matter rotation in hadronic 
■ and nuclei reactions. 

<N 

Multiparticle production in hadron and nucleus collisions and corresponding observ- 
ed ■ ables provide a clue to the mechanisms of confinement and hadronization. Discovery of 
the deconfined state of matter has been announced by the four major experiments at 
RHIC [1]. Despite the highest values of energy and density have been reached, a genuine 
quark-gluon plasma QGP (gas of the free current quarks and gluons) was not found 1 . 
The deconfined state reveals the properties of the perfect liquid, being strongly interacting 
collective state and therefore it was labelled as sQGP [3]. The nature of the new form of 
matter is not known. The importance of the experimental discoveries at RHIC is that the 
matter remains strongly correlated and reveals high degree of the coherence when it is 
well beyond the critical values of density and temperature. In this report we would like to 
\ stress that the behavior of collective observables in hadronic and nuclear reactions could 
have some similarities. Among several experimental probes of collective dynamics in AA 
^ ■ interactions [4, 5] are the momentum anisotropics v n defined by means of the Fourier 
expansion of the transverse momentum spectrum over the momentum azimuthal angle <fi. 
With measurements of these observables one can obtain a valuable information on the 
early stages of reactions and observe signals of QGP formation [6, 7, 8, 9, 10, 11, 12, 13, 14]. 
We discuss the role of the coherent rotation of the transient matter in hadron and nuclei 
collisions and the directed flow dependence. Hypothesis on connection of the strongly 
interacting transient matter rotation with the directed flow generation is the main point 
of this report. 

We consider non-central hadron collisions and apply notions acquired from heavy- 
ion studies. In particular, we amend the model [15] developed for hadron interactions 
(based on the chiral quark model ideas) and consider the effect of collective rotation of 
a quark matter in the overlap region. The determination of the reaction plane in the 
non-central hadronic collisions [16] could be experimentally realizable with the utilization 
of the standard procedure [17]. Geometrical picture of hadron collision at non-zero impact 
parameters [15] implies that the generated massive virtual quarks in overlap region (due 
to shock- wave type of interaction of the condensate clouds 2 ) carry large orbital angular 
momentum at high energies. The total orbital angular momentum can be estimated as 
follows 

L{s,b)~ab^-D c {b). (1) 
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1 It is to be noted here that confinement due to causality principle might exclude the very existence of 
QGP defined that way [2]. 

2 This mechanism is similar to the shock-wave production process proposed by Heisenberg[18] 
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The parameter a is related to the fraction of the initial energy carried by the condensate 
clouds which goes to rotation of the quark system and 

D c (b) = <g> D h c \ 

where function D\ describes peripheral condensate distribution inside the hadron h, and 
b is an impact parameter of the colliding hadrons. The overlap region, which is described 
by the function Dc(b), has an ellipsoidal form similar to the overlap region in the nucleus 
collisions. It should be noted that L — > at b — > oo and L = at b = 0. Similar impact 
parameter dependence with maximum at the impact parameter values around 1 fm the 
directed flow v\ has. 

Due to strong interaction between quarks the orbital angular momentum L leads to 
coherent rotation of the quark-pion liquid located in the overlap region as a whole in 
the xz-plane since strong correlations between particles are presented there. It should be 
noted that for the given value of the orbital angular momentum L kinetic energy has a 
minimal value if all parts of liquid rotates with the same angular velocity. We assume 
therefore that the different parts of the quark-pion liquid in the overlap region indeed have 
the same angular velocity uo. It has grounds also in the perfect, non- viscous, character of 
the liquid revealed at RHIC. Such coherent rotation is absent in the parton picture used in 
[20], where finite transverse gradient of parton longitudinal momentum is a driving force 
of the orbital angular momentum conversion to the global system polarization through 
spin-orbital coupling. The polarization not yet been detected experimentally [19]. 

The generation time of the transient state At tsg obey to the inequality At tsg <C Ati nt , 
where Ati nt is the total interaction time. The assumed particle production mechanism 
at moderate transverse momenta is an excitation of a part of the rotating transient state 
of massive constituent quarks (interacting by pion exchanges) by the one of the valence 
constituent quarks with subsequent hadronization of the quark-pion liquid droplets. Due 
to the fact that the transient matter is strongly interacting, the excited parts should be 
located closely to the periphery of the rotating transient state otherwise absorption would 
not allow to quarks and pions to leave the region (quenching). The mechanism is sensitive 
to the particular rotation direction and the directed flow should have opposite signs for 
the particles in the fragmentation regions of the projectile and target respectively. It is 
evident that the effect of rotation (shift in p x value ) is most significant in the peripheral 
part of the rotating quark-pion liquid and is to be weaker in the less peripheral regions 
(rotation with the same angular velocity a;), i.e. the directed flow v 1 (averaged over all 
transverse momenta) directly depends on the distance to the center of the rotating matter 
or on the depth Al where the excitation of the rotating quark-pion liquid takes place. In 
its turn, the length Al should be proportional to the energy loss of constituent valence 
quark in the medium (quark-pion liquid) prior an excitation occurs, i.e. before constituent 
quark would deposit its energy into the energy of the excited quarks (those quarks lead 
to the production of the secondary particles) 

Al ~ AE. (2) 

Proportionality of the energy loss due to elastic rescattering and Al is a consequence of 
the liquid nature of the transient state which has fixed interparticle distances. Energy 
loss AE should (in a rough approximation) be proportional to the difference between 
the rapidities of the final particle and the projectile. Thus, the observable vi, which 
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magnitude is determined by the shift of transverse momentum due to rotation and depend 
therefore on the value of Al in this mechanism, would depend in its turn on the rapidity 
difference y — ybeam and not on the incident energy. The mechanism therefore can provide 
a qualitative explanation of the incident-energy scaling of V\ observed at RHIC [21]. 
Evidently, the directed flow |i>i| decreases when the absolute value of the above difference 
increases, i.e. |i>i| increases at fixed energy and increasing rapidity of final particle and it 
decreases at fixed rapidity of final particle and increasing beam energy. 

An important assumption based on the RHIC data is the strongly interacting nature 
of the transient matter, namely, it was supposed that valence constituent quark excites 
quark-pion liquid in the closest hemisphere to the entry point. 

The magnitude of |i>i| is to be proportional to inverse depth length A/ -1 which is 
determined by elastic quark scattering cross-section a and quark pion liquid density n, 
i.e. Al ~ l/crn and therefore averaged value of V\ should be proportional to the particle 
density of the transient state ~ on. This estimate shows that the magnitude of 

the directed flow could provide information on the properties of the transient state. The 
centrality dependence of V\ should be decreasing towards high and lower centralities. 
Decrease toward high centralities is evident, no overlap of hadrons or nuclei should be 
at high enough impact parameters. Decrease of v\ toward lower centralities is specific 
prediction of the proposed mechanism based on rotation since central collisions with 
smaller impact parameters would lead to slower rotation or its complete absence in the 
head-on collisions. 

If the proposed mechanism of the directed flow generation is realized, vanishing di- 
rected flow can serve as a signal of a genuine quark-gluon plasma (gas of free quarks 
and gluons) formation. Then the orbital momentum, could be converted e.g. into the 
global polarization at the partonic level and detected experimentally measuring hyperon 
or photon polarizations [20]. 

It would be interesting to perform studies of transient matter at the LHC not only in 
heavy ion collisions, but also in pp-collisions, and to find possible existence or absence of 
the rotation effects through the directed flow and polarization measurements. Collective 
rotation should also contribute to the elliptic flow. However, since the regularities already 
found experimentally for v\ and v 2 in nuclei interactions imply different dynamical ori- 
gin for these flows, we should conclude that the rotation does not provide a significant 
contribution to elliptic flow. 
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